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ABSTRACT: An interparticle system has been devised that allows airborne singlet oxygen to
transfer between particle surfaces. Singlet oxygen is photogenerated on a sensitizer particle,
where it then travels through-air to a second particle bearing an oxidizable compound—a
particulate-based approach with some similarities to reactive oxygen quenching in the
atmosphere. In atmospheric photochemistry, singlet oxygen is generated by natural particulate
matter, but its formation and quenching between particles has until now not been determined.
Determining how singlet oxygen reacts on a second surface is useful and was developed by a 3-
phase system (particle-air-particle) inferparticulate photoreaction with tunable quenching
properties. We identify singlet oxygen quenching directly by near-IR phosphorescence in the
airborne state and at the air/particle interface for total quenching rate constants (kt) of adsorbed
anthracene trapping agents. The air/solid interface kr of singlet oxygen by anthracene-coated
particles was (2.8 = 0.8) x 10’ g mol™' s™' for 9,10-dimethylanthracene and (2.1 + 0.9) x 10" g
mol ™' s™' for 9,10-anthracene dipropionate dianion, and the lifetime of airborne singlet oxygen
was measured to be 550 ps. These real-time interactions and particle-induced quenching steps

open up new opportunities for singlet oxygen research of atmospheric and particulate processes.
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INTRODUCTION

Airborne reactive oxygen species (ROS) are prominent in environmental photoreactions, and
scientists have become interested in their reactions on surfaces. Such ROS, including '0,, RO,
HO’, and O, are commonly produced by sunlight irradiation via sensitized oxidation
reactions.' ' Interactions of ROS can be significant in atmospheric and soil environments, such
as on particulate matter (PM) and silicon dioxide.'*”"> However, they cannot be easily detected
on surfaces using direct techniques, and are often limited to analysis by indirect techniques.

Using indirect techniques, a steady-state concentration of 'O, (['0,]ss) of 1.6 £ 0.5 x 1072 M
in fog was measured using furfuryl alcohol.'®'” Indirect studies to deduce ['Oa]ss have also been

19-21 . 1 :
9721 The production of 'O, can arise

carried out on air/ice interfaces,'® and on water surfaces.
from natural organic matter (NOM), in which their chromophores enable sensitization in water
bodies exposed to sunlight.'”* Natural chromophores in soil can absorb light and by
sensitization produce 'O,.> Soil surface photooxidation was studied with 'O, traps agents,
tetramethylethylene and 2,5-dimethylfuran'® with sunlight exposure. Interestingly, airborne 'O,
can diffuse up to 2 mm on soil.” In a historic experiment using a pressurized system, Kautsky
conducted experiments in the 1930s mixing two sets of different size particles containing a
photosensitizer (PS) (trypaflavine) and gaseous 'O, quencher (leucomalachite green) for early

evidence of '0,.**** Kautsky’s experiment redesigned, Wolf et al. captured 'O, between two

polymer surfaces,”® Ruzzi et al. detected gaseous 'O, with a pressurized electron paramagnetic

7 1 28,29

resonance (EPR) system,”’ and Naito et a used indirect single molecule fluorescence

detection technique to show transport of 'O, between two surfaces via air (i.e., a solid/air/solid 3-
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phase system). Studies using EPR technique have also shown that 'O, is also involved in
photochemical air pollution.****!-*2

Such EPR and indirect trapping techniques can be limited in their utility as probes of 'O, at
interfaces. Techniques that can directly track 'O, at interfaces by laser spectroscopy are needed
to open the way to studying 'O, processes on particulates. Only a limited number of
environmental studies have focused on direct 'O, detection. Recently, direct laser techniques to

measure singlet oxygen quantum yields (®,) by NOM sensitization by monitoring the 'O,

phosphorescence directly’® with ®, values of 0.6-3.8%.° Only limited number of studies have

34-36

focused on solid-air-solid systems. or how airborne 'O, interacts with natural and artificial

surfaces.”' '’

There are needs in terms of particulate environmental photochemistry, as there are difficulties
in deducing the transport of ROS between surfaces. Direct laser work on heterogenous systems
are more challenging than their solution-phase counterparts. Furthermore, it is not clear what
surface effects are best suited for the generation and transfer of volatile ROS such as 'O,. In the
present study, we used an interparticle system for insight to how airborne 'O, transports from
one surface to another and ways in which it is facilitated (Figure 1). Novel aspects of our work
include advancing interfacial reactive oxygen chemistry with time-resolved air/solid 'O, direct
laser work.

We hypothesized that a sensitizer particle (Pps) will generate 'O, and the 'O, is delivered
through-air to another particle bearing an oxidizable quencher (Pg) in a 3-phase manner (particle-
air-particle). The results demonstrate an interfacial 'O, production, where air/solid interface total

quenching rate constants (4S/-kt) and singlet oxygen quantum yields (®,) are measured by

direct phosphorescence via an interparticle method.
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We report here a study of a 3-phase (particle-air-particle) system involving '0,. A mechanism
which involves reaction of airborne 'O, with particle-adsorbed anthracene is proposed (Figure
2). This study provides the first direct evidence for a mechanism involving interfacial and
airborne 'O,. Porous Vycor glass (PVG) particles were coated with 8-acetoxymethyl-2,6-
dibromo-1,3,5,7-tetramethyl pyrromethene fluoroborate (BODIPY, Br,B-OAc) sensitizer (Pps),
which are irradiated with 532 nm light from a Nd:YAG laser. This BODIPY PS was chosen
because it has increased photostability compared to its bis-iodinated analog [,B-OAc or
conventional sensitizers such as rose bengal.*® The triplet excited state of the BODIPY PS on the
particle is quenched by O, in an energy transfer process to generate 'O,. The resulting 'O,
phosphorescence was monitored at 1270 nm, which exhibited remarkably different lifetimes on
the particles and as a free species in air. The quenching of 'O, arises on particles adsorbed with
anthracene quenchers (Pqg). The particles Pq were coated with quenching agents 9,10-anthracene
dipropionate dianion (ADPD) or 9,10-dimethylanthracene (DMA), enabling ASI-kr and @,
determinations. Our interparticle system offers a mechanistic tool to analyze 'O, migration
through-air and its reaction at the air/solid interface of a second surface. There is novelty in the
present air/particle and airborne '0, laser work due to the lack of such direct measurements in
the environmental chemistry literature. The work comprises of an interfacial air/solid and
airborne 'O, detection system. The experimental data collected are consistent with the

mechanism shown in Figure 2, as we describe below.
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Figure 1. Interparticle transport of volatile 'O,. Schematic showing the donor-acceptor
interparticle 'O, migration system. Singlet oxygen diffuses through air after its generation on a
photosensitizing donor particle (Pps, BODIPY photosensitizer, red particles) and trapped on an

acceptor particle (Pq, anthracene quenchers DMA or ADPD, yellow particles).
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Figure 2. The interparticle reaction is a triphasic (particle-air-particle) system, which segregates
a sensitizer particle from an acceptor particle for quenching of the generated airborne 'O,. (A)
Formation of 'O, by the excited photosensitizer particle (Pps), (B) physical quenching of 'O, to
30, (kobs1) by the Ppg particle surface, (C) detection of airborne 'O (kops2) in which (D) radiative
and non-radiative deactivation of 'O, in air dominated by physical quenching and
phosphorescence, and (E) reaction of 'O, with the anthracene trap on a separate particle (Pg) to
form an anthracene endoperoxide with 102. Airborne 102 can travel tenths of millimeter
distances between Ppg to Pqo. There is no interparticle transfer of the sensitizer and anthracene

traps.
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MATERIALS AND METHODS

Materials and instrumentation. Corning 7930 porous Vycor glass (PVG), purchased from
Advanced Glass and Ceramics, Holden, MA, was ground and sieved to particles (diameter 100-
200 pm). PVG has a surface area of 250 m?/g, it is a porous material with an average pore
diameter of 4 nm.** Acetonitrile and dichloromethane were purchased from Sigma-Aldrich and
used as received. Deionized water was purified using a U.S. Filter Corp. deionization system
(Vineland, NJ, USA). UV-visible spectra were collected on an Agilent spectrophotometer.

Singlet oxygen phosphorescence at the air-solid interface and in air. The
photosensitization of 'O, by the Pps particles was demonstrated by measuring its
phosphorescence upon irradiation of the sample with a Nd:YAG Q-switched laser producing 532
nm with a ~4 ns fwhm. The laser was operating at 5 Hz and 30 mJ/pulse, and 6 laser pulses were
applied to acquire a trace. The 'O, phosphorescence was detected by a photomultiplier tube
(H10330A-45 Hamamatsu Corp.) operating at a voltage of =650 V through a NIR bandpass filter
centered at 1270 nm (OD4 blocking, fwhm = 15 nm). The signals were registered on a 600 MHz
oscilloscope and the kinetic data for all the samples containing the PS were fitted with a
biexponential function. An open quartz cuvette with a 10 mm path length containing 100 mg of
Pps or 100 mg of Pps + 100 mg of Pq particles was irradiated from the top reflecting the laser
beam on a right-angle prism. Samples were purged with N, or air using a septum screw-capped
quartz cuvette and were irradiated from the bottom by reflecting the laser beam. For the @,
measurements, the frequency was increased to 10 Hz and the power decreased to 10 mJ/pulse to
avoid rapid photobleaching of the dye also, the signal of 3 laser pulses were averaged to acquire

a trace. Further detail on the apparatus design is provided in the Supporting Information. Here,
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apparatus dosing and optimization permitted to increase excitation power and the time resolution
due to 6 order of magnitude increase in surface area.

Design of airborne '0, quenching system at air/solid interfaces. Particles containing the
Br,B-OAc PS were prepared as described in the Supporting Information. The PS loading was
0.050 umol/g of PVG particles. Stock solutions of the quenchers were prepared in H,O (pH =
10) for ADPD and in acetonitrile for DMA. Different volumes of the quenchers were added in 5
vials containing 200 mg of particles to achieve the desired loading. The solvents were removed
under vacuum in a rotary evaporator operating at 50 mbar and the samples were dried in the oven
with reduced pressure for 1 h at 60 °C. To acquire the trace corresponding to the decay of 'O,
phosphorescence, 100 mg of Pps was mixed with 100 mg of P containing the desired quencher

and loading.

RESULTS AND DISCUSSION

“Lightening up” singlet oxygen for transport between particles. We sought an optimal 'O,
photogeneration by the PS particles to allow a view of the through-space 'O, process. In a
previous study,’* we were not able to obtain direct lifetime measurements for airborne 'O,
generated on a superhydrophobic surface embedded with a phthalocyanine particles. On that
occasion, due to low phosphorescence emission, time resolution was not possible and only
variations in the intensity were monitored. Here, we varied PS loading with emission and
absorbance of Br,B-OAc molecules (Figure S1, Supporting Information) that overlap by ~30%
to avoid close proximity from high loading, <50 nm, where photoexcited sensitizer self-quenches

by Foster resonance energy transfer (FRET).”'41

Low PS loading is also undesirable due to low
signal to noise ratios. Both under- and over-loading of PS will lead to less triplet excited states

and thus less airborne '0,. A loading of 0.050 pmol of PS per gram of particle (umol/g) was
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found to be the optimal amount of PS adsorbed on the glass surface. The distance between PS
molecules under these conditions was calculated to be 180 nm. Another consideration is that the
PS remains embedded within the pores. Under this circumstance, the surface area is reduced to
70 m?*/g and the PS-PS distance to 94 nm. The average distance between PS molecules was
calculated by estimating the area occupied by the molecule (Figure S2) relative to the surface
area of particle. Based on these calculations, we predict that an optimal PS loading is 0.050
pmol/g for a compromise to maximize 'O, formation due to sufficiently high PS amounts, and
yet minimize unwanted PS/PS self-quenching by FRET.

This was tested experimentally. Figure 3A shows the 'O, phosphorescence decay curves for
100 mg of Ppg with different PS loadings and the controls (native particles and Py, ps loaded
with 0.050 pmol/g of H,B-OAc, which gives no 'O, production). Fitting of the intensity vs time
with a bi-exponential function (eq S1, Supporting Information) led to two distinct lifetimes
(Figure 3B). The data in Table 1 support the identification of two lifetimes: a short lifetime
(Tobs1) of ~54 pus that remained similar at various PS loadings (entries 1-5), and a longer lifetime
(Tobs2) that varies with the amount of PS loading and reaches a maximum of ~540 ps (loading
0.050 pmol/g). A mono-exponential decay from background was observed, Tyckera = ~35 ps, but
this was not due to 'O, phosphorescence (eq S2, Supporting Information). This background
signal corresponds to spurious light reaching the detector even when a NIR bandpass filter
centered at 1270 nm was applied. The Tpekga values showed very small variation among the
different experiments bearing an experimental error of 1.0 ps. This background signal was
verified not to be from 'O, phosphorescence by exciting native particles with constant laser
power and varying the diameter of the NIR detector iris causing some light to reach the detector

(Figure S3). Were the signal due to 'O,, the signal intensity would have varied and the lifetime

10
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would have remained essentially constant. Figure 3A and 3B show conditions that led to
enhanced signal to get the best 'O, signal to background ratio. With this data in hand, a lifetime
1, is attributed to adsorbed 'O, and is the difference between Tops; and Teonol fOT Native particles

(Table 1). As we will see next, the long lifetime is attributable to airborne 'O,.

A B
0.6
s, 1.0 particle <
% — Prones é 05'
C P.s loading (umol/g)
-g ‘ 0.005 ' ‘%’ 0.4
= ! oo S ©__(particle) ~ 60 ps
= 05 — o 8 o8]
S ‘ c 0.2
® Re)
€ 2 011 x_(air) ~ 540 ps
5 R
= 5 0.0 - :
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Figure 3. (A) Airborne 'O, decay curves photosensitized by Ppg particles loaded with varying
amounts of photosensitizer (PS) (0.005-0.1 pmol/g particle). The decay curves for the native
(uncoated) particles and the “non-photosensitizer” coated particle Pyon-ps (0.050 pmol/g particle)
are also shown. (B) Decay curve showing the two 102 lifetimes (Tops1 and Tebs2) from the bi-
exponential fitting of the data for the interparticle '0, exchange system. Intensity decay was

monitored at 1270 nm.
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Table 1. Singlet oxygen lifetimes obtained from the intensity decays curves for the controls and

different particle loadings of the PS.

PS loading
entry (nmol sens/g Tobsl (us)b T (us)b Tobs2 (us)b
particle)
14 0.005 50.3 15.2 373
2¢ 0.010 52.1 17.0 426
3¢ 0.020 53.5 18.4 432
4° 0.050 58.5 234 537
5¢ 0.100 55.2 20.2 416

“Particles coated with the sensitizer BrzB-OAc.b Errors for the short lifetimes are =1 pus and for
the long lifetimes +5-10 ps, and the error ranges for fitting were 0.01-0.03 ps. Values for Tyckgra

are 35.1 and 34.8 us for native particles and Ppq,.ps, respectively.

The 'O, particulate quenching connection. Direct detection reveals two lifetimes attributable
to particle adsorbed '0, and airborne 'O, (Table 2). Our experiments were carried out in the
presence of air, and by sparging with N,. Sparging with N, for 15 min a 100 mg of Pps, as seen
in Figure 4, led to a disappearance of the long lifetime component with only the short lifetime

remaining (Tops1 = 65.9 ps), where this value in entry 2 is due to trace O, remaining adsorbed to

12
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the particle.” The slightly higher value 65.9 us compare to the ~60 ps for Ppg (Table 2, entry 2)
in ambient conditions can be attributed to a reduction of humidity after purging with the inert
gas. After 15 min re-oxygenation of the particles with flowing air, the two lifetimes were
recovered (Table 2, entry 3). On the other hand, t4,s; and T2 reduced or disappeared (entry 4)
due to adsorbed water molecules, where 'O, is readily quenched. Indeed, we find that T, = 3.8 us
(Table 2, entry 4), which matches the known lifetime of 'O, in water.”** An experiment was
carried out by incorporating quenchers to the particles. The phosphorescence signal was
analyzed with the addition of ADPD (Figure 1), a water-soluble anthracene derivative. Singlet
oxygen reacts with anthracenes to give endoperoxides.* " The addition of Pps coated with
ADPD (20 mg) resulted again in the loss of topsy (Table 2, entry 5). The t; was ~5 ps lower
respect to Ppg with a value of 19.2 pus indicating that the native particles deactivate 'O, only to a

minor extent.

13
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206  Figure 4. Airborne '0, decay monitored upon photoexcitation of Ppg particles in the presence of
207  different quenchers. The loading was 0.050 umol ADPD per gram particle, and the intensity

208  decay was monitored at 1270 nm.

209  Table 2. Singlet oxygen lifetimes from the 1270 nm intensity decays curves under various

210  conditions.

entry condition Tobsl (us)b T (us)” Tobs2 (us)b
1 - 61.2 24.8 560
2 pre-purge with N 65.9 29.5 -
3 re-oxygenation 58.1 21.7 475
4 200 uL H,O 40.2 3.8 -
5 20 mg ADPD 55.7 19.3 -

14
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“ Pps particles under ambient conditions. » Errors for the short lifetimes are typically =1 ps and
for the long lifetimes +5-10 ps. The fitting errors range from 0.01 to 0.03 ps. The value for Tpekgrd

is 36.4 us for native particles.

Interparticle control of airborne 102 reactions. Next, control reactions were carried out to
test the possibility of whether the donor and the acceptor migrate between particles. The results
show that no molecule crossover occurred based on absorption spectroscopy measurements
(Figures 5 and S5), as the reaction requires. With an instrument detection limit of 0.01
(absorbance) and the molar absorptivity of 9,000 M cm ™ and 81,000 M cm ™' for ADPD and
Br,B-OAc, respectively, we estimate a detection limit of 1.11 pM and 0.12 uM. With a cuvette
volume of 1.5 mL, the detection limit for ADPD and Br,B-OAc is 1.67 nmol and 0.18 nmol,
respectively. These amounts unable to account for the observed singlet oxygenation. Thus, the
data support a reaction in which there is no exchange of compounds between Pps and Pq
particles, whereas 'O, freely migrates through-space and between the particles.

Control reactions also demonstrated that particle size did not strongly influence the production
of '0,. Tt is known that particles of different sizes can influence light scattering and this can

affect our background signal between samples.**"

From our analysis, varying the Ppg particles
size from an ~70 pm to >800 pum, showed no significant difference in the 'O, phosphorescence

decay curves with Tohs1 and tehs2 values of 59 and 542 ps, respectively (See SI experimental

details, Figure S4 and Table S1).
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Figure 5. Particles size 38 pm > particle < 100 pm containing the PS (left) or the quencher
ADPD (right) were mixed with native particles size 100 pm > particle < 800 um to evaluate

molecules exchange between particles. PS loading: 0.125 umol/g; ADPD loading: 0.125 umol/g.

Singlet oxygen quantum yield (®,). The ®, was measured for the Ppg particles by monitoring
the increase of the 'O, phosphorescence as a function of the irradiation time. Pps particles were
mixed with Pq particles containing a loading of 50 pmol/g of DMA. As can be observed in
Figure 6 and Table S2, the short component (t4hs1) of the phosphorescence decay traces remained
similar with the irradiation time. The 145, increased by 58% (Table S2) upon 150 s of irradiation
with a Nd:YAG laser operating at 532 nm, 10 Hz and 10 mJ/pulse. The increase in the tops; from
320 to 550 ps is attributed to the presence of the anthracene (DMA) trapping agent (50 umol/g)
to quench 'O, in the former. Because anthracene trapping agents are known to mainly quench

'0, chemically and not physically,**">"**

the approximate DMA consumption as a function of
the irradiation time and particle density permitted conversion of units from pmol/g to molar.

Similar to the indirect determination of the ®@,, a pseudo first-order kinetic for this reaction was

proposed (eqs S3-S6). Plots of /m[DMA]o/[DMA] vs irradiation time indicated that the

16
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conversion of DMA followed a pseudo-first order kinetics with the irradiation time (Figure 7).
By a linear fit of the data in Figure 7 it was possible to determine the observed rate constant
(kobs). Since there is not a kops value for a photosensitizer in a similar system to be used as a
reference, we compared our kgps (8.8 X 1073 s_l) value with that obtained for Br,B-OAc in
acetonitrile kops = 9.0 x 10 s, To determine ®, in this work, the ko in solid Pps particles was
compared with ko obtained for the same PS in solution (acetonitrile). Light scattering can be
significant in solid samples compared to homogeneous solution, and depends on the refractive

index.>*>*

In our case, the @, with T2 shows little or no effect from scattering unlike t,ps; Which
shows a pronounced effect from scattering (see section PS loading optimization, above). For
example, Tops; 1S perturbed by 50%, whereas tonsy 1s perturbed by less than 4%. In eq S7, the
value for the diffractive index of acetonitrile (1.34)>> was used for 7 (st = acetonitrile standard).
Meanwhile, the value for 7pps was considered to be 1.00 and the air/solid ®, was treated as a
standard-like system. The @, for the Ppg particles was found to be 0.58 and is consistent (~25%
smaller) with the previously reported in solution by us and others (0.79).°® Irradiation of the
sample above 150 s resulted in a considerable amount of dye photobleaching, indicated by a
significant decrease in the signal intensity (Figure S6). Furthermore, tos; plateaus for irradiation
periods longer than 120 s (orange trace in Figure 4 and yellow molecules in Figure 5) this can be

attributed not only to PS bleaching, but also to complete consumption of the DMA on particles

due to airborne 'O, produced from nearby Pps particles.
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Figure 6. Normalized intensity decay curves of photoexcited mixtures of Ppg:Pq (1:1) particles.
The quencher loading was kept constant at 50 pmol/g and the samples were irradiated for
different times. Pps = 0.050 pumol/g. Experiments were done in ambient conditions. Inset: zoom-
in of the normalized intensity decay curves between 1.3x10~* to 1.2x107 s showing an intensity

enhancement over time.
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Figure 7. Pseudo first-order kinetic data fitting for the reaction of airborne 'O, with DMA
loaded onto particles [Ppma (50 umol/g) and Ppg (0.050 pmol/g)]. The square highlighted with an

orange circle was not included in the fitting and indicates that a plateau was reached after 120 s

of irradiation as a result of the consumption of the DMA quencher.
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Rate constants for airborne 'O, quenching by anthracene-coated particles. To gain
information on the generation of 'O, by Pps when exposed to light, we developed a quenching
assay that consisted on monitoring the 'O, phosphorescence intensity decrease upon the loading
of the anthracene quencher onto the particles. Quencher particles (Pq) were prepared by adding
two anthracene derivatives: DMA and ADPD (Figure 1). DMA is soluble in organic solvents
such as ACN and toluene, while ADPD is water-soluble at basic pH and used as in homogeneous
solution,*””’ but not as 'O, trapping agents at the air/particle interface as described here. For our
experiments, 100 mg of Pps were mixed with 100 mg of Pq particles containing increasing
loadings of the corresponding quencher in an open quartz cuvette.

The 'O, phosphorescence intensity vs time for different loadings of DMA and ADPD are
shown in Figure 8A and 8B, respectively. Figure 8 and Table 3 show the decay for the short
component remains constant (~60 ps) in the absence of the anthracene quenchers. Fittings of the
data at shorter times scales are shown in Figures S7 and S8 (Supporting Information). This is
consistent with 'O, deactivation by native particles bearing Si-OH groups since 'O, can undergo
quenching via electronic to vibronic (e-to-v) exchange energy transfer from O-H bond
oscillators.”® However, this e-to-v quenching path is not noticeably significant since the addition
of native particles do not affect the lifetime of airborne lOz; for example, Ty for Ppg (560 s,
Table 2) with the value obtained in Table 3 for a mixture Ppg:Phative (1:1) (559 ps). There is a
significant decrease in Tq,s; in the presence of the particles bearing adsorbed anthracene
compounds. The lifetime for the long component decreased 1.8 and 1.6 times upon the addition

of the Pq particles of DMA and ADPD, respectively (50 umol per gram particle).

19



299
300

301

302

303

304

305

306

>
w

Poua l0ading (umol/g) ~ P oo l0ading (umol/g)
. 1.0 oy . 1.0 Y
= = -~ 05
2 0.8 @ 0.8 02y,
2 g 2 ——10.0
£ 064} £ 064 250
o t ©
N 044} N 0.4
2 o]} 0.0 ‘ g 9ol o —
£ 0.2 0.0002  0.0004 £ 0.2 0.0002  0.0004
Z 00 = T 1 Z 00 T T 1
0.000 0.001 0.002 0.000 0.001 0.002
Time (s) Time (s)

Figure 8. Normalized intensity decay curves of photoexcited mixtures of Pps:Pq (1:1) particles
increasing the quenchers loading of (A) DMA and (B) ADPD. The insets show shorter times
scales. The photosensitizer loading for Pps was kept at 0.050 pmol/g. Experiments were done in

ambient conditions. Intensity decay was monitored at 1270 nm.

Table 3. Lifetime measurements for singlet oxygen formation and quenching in Pps:Pq (1:1)

particle mixtures.

quencher
DMA ADPD
loading (nmol/g)
Tobst ()" Tobs2 (p1s)” Tobst (pis)” Tobs2 (5)”
0° 60.8 559 59.2 552
0.5 56.6 556 57.6 544
1 57.8 547 58.6 543
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308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

10 56.5 493 57.6 502

25 59.1 413 60.3 436

50 57.8 313 59.6 343

“ Ppg particles where mixed with native particles average size (69 um) in a 1:1 ratio. "Errors for
the short lifetimes are typically +1 ps and for the long lifetimes +5-10 ps; fitting error ranges

from 0.01 to 0.03 ps.

The rate constants for deactivation of airborne 'O is predicted byeq 1,

kovsz = ka+ (ASI-kr) [Q] (1)
and as demonstrated by the plot shown in Figure 9, where ASI-kr is the air/solid interface total
rate constant of 'O, by the anthracene trapping agents on adsorbed on the particles, [Q] is the
concentration of DMA or ADPD (expressed as umol of quencher per gram particle), and k4 is the
rate constant of deactivation of 'O, on the particle or in air. ASI-kr values for an interparticle or
other air/particle configuration have not been reported in the past. These results will provide
insights on the efficiency of 'O, delivery through space and its quenching by compounds at a
surface. From the relationship with 1/t4bs, kobs2 Was obtained and plotted as a function of the
anthracene quencher loading (Figure 9A and 9B). Fitting of the data to a straight line gives from
the slope ASI-krpma = (2.8 £ 0.8) x 10" g mol ' s (R? = 0.99) for DMA (Figure 9A), and A4SI-
krappp = (2.1 £ 0.9) x 10" g mol ' s (R? = 0.99) for ADPD (Figure 9B). From the intercept, kg
values (~1.80 x 10° s™') were obtained indicating a lifetime for airborne '0, of 550 us. A
somewhat similar value for gaseous 'O, (980 ps) in the core of a water bubble was previously

35,36
measured.”™
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Figure 9. ASI-kr values measured in the interparticle system. Plots of ko (s ') as a function of
the mols of quencher adsorbed per gram particle (A) DMA and (B) ADPD. Experiments were

performed in ambient conditions.

Mechanism. The above direct-laser detection data provide a strong argument for the
mechanism suggested in Figure 2. The data also provide strong evidence for interfacial and
airborne '0,, and reactivity of 'O, at a second particle surface. The 'O, phosphorescence data
show its quenching on the Ppg particle surface itself with a short lifetime (~60 ps). Singlet
oxygen can transit off the particle and possesses a longer lifetime of ~550 us as an airborne
species. In the absence of particle-coated antracene, a longer lived 'O, is retained. The ®, for Pps
at the air-solid interface was detemined to be 0.58 by monitoring the increase of T, upon
consumption of adjacent particle-adsorbed with DMA. This value was slightly lower than

previously reported for the Br,B-OAc sensitizer and DMA in solution,

suggesting that the
photophysical properties of the PS to produce 'O, while adsorbed on particles largely remains

intact.
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The rate constant, k1, corresponds to the anthracene compound induced total removal of '0,,
which is for the first time measured at the air/particle interface. The quenching effect of 'O,
along the particle-adsorbed and airborne pathways are deduced. Clennan et al.>® have reported
heterogenous 2-phase (liquid-solid) kr values for quenching of 'O, by modified surfaces of
porous silica particles covalently bound to sulfides, where &t values were between 27.7-29.8 L g
's'and “solution-phase like” units of M s ' (Table 4). To compare with our results, our ASI-kr
values in M™' s™' are based on the density of PVG (6 = 1.38 g/mL).** The heterogeneous kr
values are obtained in the order of (1.5-5.2) x 10* M ' s™', suggesting a reduced 'O, accessibility
to the anthracene compound at the interface compared to solution. Furthermore, we validated the
measurement of 'O, quenching by DMA in acetonitrile (9.44 x 10’ M"' s™") and by ADPD in
D,0 (6.46 x 10’ M' 57! at pH = 10) (Figure S9). The kr values in homogeneous solution gave
very similar values to those previously reported.*’” Intriguingly, the values measured in solution
are of similar magnitude to that reported for Me;Si(CH,),0SCHj3 in benzene (kt = ~3.32 x 10°M!
s (Table 4). The kr for sulfides in organic solvents is mostly comprised of physical quenching,
but in alcohol solvents or water is mostly chemical quenching.® The virtues of using anthracenes
are that they are efficient in chemical quenching leading to endoperoxides, and that the
air/particle measurements lay a solid foundation (pun intended) for a reference point from which

to build on.
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362  Table 4. Rate constants for total quenching (kr) of anthracenes and sulfides in solution, at the

363  air/particle interface, or in solution/particle mixtures.

homogeneous kt

medium quencher solvent
M s x 10
DMA MeCN (9.44 £ 0.33)°
homogeneous
ADPD D,O (6.46 +£0.18)°
solution
MesSi(CHz)i0SCH; C¢He 3.32¢
heterogeneous ky
solid support heterogeneous kt
™M s x10f
(2.8+0.8) x 10’
DMA particles 2.02°
g
air/particle gmot s
interface 7
(2.1£09)x 10
ADPD particles 1.56°
gmol ' s
solution/particle 27.7-29.8
CISiMe(CH,)(SMe silica 4.8-5.2¢
mixture Lg's!
364 “This work. "This work with porous Vycor glass particle; conversion using dpyg = 1.38 g/mL;

365  “Reference [59] with a loading of 573 umol of CISiMe,(CH,),0SMe per gram silica.

366
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386

387

388

389

Technical Implications. The direct-detection particle-air-particle method described here
produces 'O, which transits off the particle and migrates through-air for an oxidation reaction on
a second particle surface. The photosensitizer on one particle is physically separated from the
antrancene trapping agent on a second particle. Measurements of the total quenching rate
constants of 'O, by surface-adsorbed anthracene traps was developed. The work improves the
state of the art by uncovering the mechanistic framework in Figure 2 that increase in anthracene
particle loading decreases the airborne 'O, lifetime, for data that are otherwise challenging to
acquire. Attributing the phosphorescence data to 'O, the air/solid interface and airborne state
makes this method advantageous to others, which typically use indirect or EPR trapping in

61764 The efficient transfer of 'O,

homogeneous solutions or heterogeneous slurries in solution.
between particulates as a gaseous species makes this method a relevant model for a natural or
artificial air/solid interface and fate of airborne 'O, damage.

Our 3-phase interparticle reactive oxygen delivery system provides proof of concept for
particle sensitization, reactive oxygen transfer in air, and oxidative damage to adjacent solid.
This particle-air-particle 3-phase system connects to fields of atmospheric chemistry,
environmental chemistry, and photochemistry with surface trapping agents, and also relevance of
bi- and triphasic phenomena in 'O, oxidation chemistry.>* %%~ That the amount of anthracene
quencher loaded was linearly dependent, provides a key reference point for compound quenching
on environmental surfaces for potential extrapolation, that trapping can increase steeply with
loadings of oxophilic traps. We provide mechanistic evidence for the transfer of airborne 'O,
during the photooxidation of anthracene compounds adhered to particles. We reveal through

sensitizer particle loading that airborne 'O, release and transport can be controlled. The acceptor

particle is varied with loadings of anthracene trapping agents to offer a way to unveil 'O,
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quenching on solid surfaces. Now we advance the state of the art with a direct phosphorescence
detection technique with a particle-air-particle system, which can set the stage for opening up an
area of direct methods on air-solid ROS of importance to environmental chemistry.

The results suggest important questions worthwhile of future research. It remains to be tested
on how the above “artificial” particles can be compared to natural particles. It is unclear whether
low phosphorescence can be observed in airborne 'O, oxidation of natural particles. Further
environmental photochemistry experiments are needed, including sulfide pesticides adsorbed to
soil surfaces for determination of 'O, rate constants. Future work will be required to assess the
physical quenching and chemical quenching components at the air/solid interface with
compounds. The technique could potentially also be exploited for airborne 'O, inactivation of
soil-bound microbes at air/solid surfaces.

We identify 'O, quenching directly by near-IR phosphorescence in the airborne state and at the
air/solid interfaces with k1 measurements of adsorbed trapping agents. These direct detection and
particle-induced quenching steps are amenable for further investigation, in atmospheric and

particulate processes for singlet oxygen deactivation.
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ABBREVIATIONS

PS, photosensitizer; Pps, sensitizer particle; Pg, quencher particle; ASI-kr, total 0, quenching
rate constant, ®,, singlet oxygen quantum yield; PVG, porous Vycor glass; ADPD, 9,10-
anthracene dipropionate dianion; DMA, 9,10-dimethylanthracene; 102, singlet oxygen; Tobsi,
short observed lifetimes; Tops2, long observed lifetime; kops1, observed rate constant for singlet
oxygen on the surface; kops2, Observed rate constant for airborne 1Oz; kobs, Observed rate constant
of '0, quenching by DMA; kg, is the rate constant of deactivation of 'O, by the surrounding

environment; Q, quencher.
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